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l’aIId  Discussions on ‘.l’otal SOlar lrracliallcc  Variations and the MZLUIICICX Mini]num

J. hl. l’ap] , ancl O,lt, Whitc2

], h~casurcmcnts  and  II1OC1C]S Of tOtd SOltLr illdi&IICC

1,]. Summary of the results 011 irracliancc  variatiom:  J .M, Pap and lt, C. Willson,

J1’1/

l{’or more than  :L clccaclc, total solar irradimcc  has been monitored from scv-

crd satellites, l~am~ly the Nilnbus-7,  Scalar Maximum Mission (SMM),  the NASA

EIWS, NOAA9  :Lncl NOAA1O, EUIWCA, and the Upper Atlilosphcric  Rcsczwch Satel-

lite (UAIW)  (e.g. Willson and Iludson,  1991; lIoyt d al. , 1992; Mcchcrikunnd  ct al.,

1988; Rorncro  ct al., 1!)93). ‘J’llcsc observations have rcwcalcd  varitLticms in total irra-

diaucc  ranging  froln  millutcs  to the 1 l-year solzLr cycle (I$igurc  1, from l’rohlich  1993).

‘1’hc very smzLll,  rapicl  irrtLdiancc  f] UCtUtLtiOllS  iL~C duc to solar oscillations (Wooclarcl

{LIIC1 ]]udson,  1983; pro]llich,  1992). g’]lc s]iort-tcnn  variations (fro]n days to mo]lths)

arc clircctly  related to tllc evolution of active rc~;ions via the co]nbiuccl  cflcct of &Lrk

SUI’l S])OtS Wd bli@ fcLCU];l.C (~hZiJ)llliLll, 1 987).  TIIc most importzmt  cliscovcry  of ir-

I’;L(li[lll  CC obscrv~Ltions  is t]lc 0, ] ‘~o ])ciik-bpcak  v;Lriatioll in tot:Ll soltLr  irradiancc  over

the solar  cycle (Willsoll  wld ]luclson, 1 99]). ‘J’llis solzLr-cycle-rclzLtcd variation of total

i~~LLCliWICC is attributed to tllc cl~aligi]]g  clllissioIl  of bri~;l:t ]niL~llctic clclncI~ts,  inducli]]g

facdac  and the magllctic  ]lctwork (1’cmkal alId l,caII ) 988).  ‘J’his soltLr  cycle variability

Ilmy also bc rdatcd  to cllaII&cs  in t}lc pl~otosj)l)cric  tclnpcrature;  however it is uot  clctLr

as yet wl~ct]lcr this clluIl~,c  CXLII bc li]lkcd to tllc bri~,llt  ]]ctwork coIII]~oIlcIlt (l<ul~n  ct al.,

1988).

Altllougll  collsidcrablc  infor]niLtioll  exists about  the vtLritLtio]ls  in tottLl solzLr irr:L-

cliwlcc,  tl]c Ullclcrlyilq+  pl]ysical ]nccllallisms,  cspcci~Llly that of its loug-l,crln  variiLtions,

arc  not  W]] Ullclcrstoocl  as yc!t. l“urtllcrlnorc,  several theories for cxpliLining  the rc-

raditLtion  mechanism of the Inissi)lg energy in tllc smq)ot,-rdatccl  irriLdiiLIlcc  cli]js  have

bCCll  put fOrWard,  ~llC l) WtiCUl[W  lXd Of t]lC ~]lCOliCS SU/,~,CSk thZLt t]lC lCCIUCCd  I’di~-

ticm results in storacc  of tllc Mocked hC:Lt  flux :Ls thcnnal  tLlld ]~otcutial CllCr&~ of the

convection zone around a spot, aIIcl  this cIlcrgy is l’C-liLdiiLtCd over the loxl~, rtLditLtivc

rclaxtLtion tilnc  of tllc layers cfl’cctcd by t]lc s~)ot (1’’oukd, 1981; spruit, 1982:L,b;  lPoukzLl
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d al., 1983; Spruit, 1993).  Rcccnt  nulncrical  convection moclds of cncrp;y  and  matcrid
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l“ig. 1. obscrvatiol]s  of total so]ar h’ldi?LllCC by tllc Nill~b~ls-’{/ll;ltll,  SMM/A~lUM I,
UAI{S/A~IUM II, a.l]d EUItECA/SOVA2  radiolIlctcrs  arc Jjlottccl.

flowing  around  a su]]s])ot do not  i]]dicatc  loll.g-tcrln  stor:Lgc Of tllc ]lcILt flUX, but S11OW

that most of the IIcat flux blocked by sunspoblikc  objects (Innglldic  pcrturl)atiolls)  rc-

al)pcam  at the surface, altllou@l some fraction of tllc blockccl  flux is carriccl llorizolltdly

far froln Lllc object (l”ox ct al., 1992; l~ox and  Sofia, 1993). Another  cxplandion  sucgcsts

thd tllc energy blocked by sunspots is storccl  ill the )nagllctic  ficlcls  of the spots, in

which  CELSC sunspc)ts  should cause  dips in total  irr:Lclialicc durilig the early stage  of

their dcvclol)mcut, (Wilson) 1981 ), zLs it is shown by scnnc of tllc  statistic~Ll aualyscs

(Pap, 1985; Frohlicll  aIid ]’ap, 1989).  A slow C1OWU  flow is also supposed around the

S])OtS dWillg  t]lCir growin~ p]l:i,sc! t]l:lt is c:L]):LLIC of t~:LllS])Oltillg t]l C blocked CllCrgy tO

s u r r o u n d i n g  rcgiolls  wllcrc it clrlcrgcs ZLS facular  cll}ltLnccll~cnlt  (Scha.ttcn  ct al., ] 986).

Some czLlculation  inclictLtcs  that tllc faculzlr  cxccss flux call compcllso.tc  the spot clcficit

o]J active rc+gio]]s ti~nc scale (Cllal)lnall,  1987).
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] , 2 ,  IIistory of irracliallcc  olxwrvaticms:  11.,~, Willsc)]]  :Lncl J, h~, l’s]),  J]’],

Sillcc the radiative output of the Sun is the main driver of the physical pmccsscs

within  the lULrth’s [Ltmospherc, the prccisc  ZLILCl ccmtiuuous clctcrmination  of the WLIUC

of total  soliLr irr:Lcliallcc allcl its variation is cxtrclncly  important. ‘1’llcrc arc indications

that clm]gcs  in the solar  energy output influcucc  the Earth)s climate on time scdcs

rangi)]g from the Glcissbcrg  cycle (ltcid, 1987; Friis-Cl~ristcuscn  and Lasscn, 1991)  up

to the Mauuclcr  type of ClhZLtC imcuniLlics (Lean ct al,, 1992),  Furthcxlnorc,  it is shown

that persistent variations in total solar inadimcc  (as small as 0,5Yo) over a century

Cou]d ll[lvC CX~)l[iillCC~ & \ViC]C ~iUl&C Of C]illlatiC C]lZLllgCS tlliLt OCCUllCCl ill tllC ])aSt (]jddy,

1977), Tllcxcforc, ouc of the main questions to bc aclclrcssccl  is:

What do wc ncccl to achicvc lol]g-term lligll precision irraclitmcc clat,abasc for clilnatic

studies?

TIIe first attc]npts  to clctcct variatiolis  in totzLl solar inacliancc  st,artcd  as early as

the Lcgi]]]ling of tl]is century. Tllc first contil]uous  obscrvatioml  progr:Lm  of totzLl solar

irracliancc  was performed :Lt the S]nithsolli:Lll  Illstitut,ion  over the first h:Llf of the 20th

ccutury  (Abbot, 1925; lIoyt, 1979). ])uri]]t,  the fdlowiug 30 years, cxpcrimcllts  with tllc

salnc objcctivc  wcm collcluctcd using aircraft, higl] tLltitudc  balloons, souuding  mckcts,

a]lcl s]jacc flight platforllls (1~’rc)lllicll,  197 G). All these cxl)cpilncllts were ullablc to clctcct

v[l]’iilti 0]1 S ill tOt;l]  i~ldiWICC t])ilt  WCH’C UlliLIIlbi~UCIUS]y  SOlil~  ill C)~i~il).  ~11 t]lC OIIC  hWIC],

tllc intra- :Ltlnosljlleric  cxl)crin]cllts  were llig]lly  cf~cctccl  by tllc sclcctivc  absorptioli  of tllc

terrestrial iLtlnc)s]Jl]crc  tll:Lt  Illaskcd solar illducccl  irr:Ldiallcc v:Lriatiolls  flom evcll nigh

flyi]lg aircraft and balloons, on tllc otllcr  h:Lllcl,  failure of cxtrtL-LLtllloslJllcric cxpcrimcnts

011 rockets :LIicl czLrly satellites was duc to t]lc lack of sufiicicnt  radiomctric  accuracy.

Significa]lt dcvclol)lnc]]t  in radiometry ill the late sixties lccl to tllc  dmwloplncllt

of the dcctrically  self-calibrat,il]g active cavity ilTZLdial”LCC  clctcctors at clifl’crcllt  institu-

tiol~s: at  the Jet l’ropulsic)l~  L~LbortLtory  (Willson, 1984 ), Epplcy  laboratory (l Iickcy

and l{aro]i,  1974), World  ltzLcliatioll  ~clltcr at Davos,  Switzcrlallcl (IlruszL al-id lf’rolllicll,

1972), and  at the lioyal  Mctcorcdot;ical  ]nstitutc  of IIc]gium (CroImncly]lck,  1’373).

‘1’llcsc  ncw r[Lcliomctcrs  arc capable of Incasuri]lg  total solar irracliaucc  with ELn zLIMolutc

iLCCUla  Cy Of + /-t), ~O/& ‘~]lc CICVCk)])lll Cl)t Of these lIC\V tyl)c Of rtLdi  C)ll”LCtCL%  ZLlld loxl~-term

flight opportuuitic.s  frolll space lcd to tllc cliscovcry  of challgcs ill total irracliallcc  rclutccl

to solar activity.

‘J’llc first lc)llg-tcrlll  solar irraclizLllcc  Inollitorillg  cxperimcmt  Ivas tl]c l!kLrth  Radi-

Zlti  C)ll ]]uclgct  (]’~]t]~) OIJ t]lc Nilnbus-7  SELt Chit  C that  provided irraditLllcc  database froln

late 1978 to early 1993 (]{ylc ct al., 1993), ‘1’llc  Nilnhus-7/121t13  cxpcrilncllt  was followccl
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by the A~lUhl I and A~lUM 11 0]1 aboard  the Solar ,Maxilnu]il  Missiml (SMM)  allcl

Upper Atmosphcxic  limcarch  Satellite (UA1U5), rcspcctivcly  (Willson,  1993);  al]cl by the

SOVAI :LI]CI SOVA2 experiments 0]1 l~~UlU2CA  (~rolnlnclyllck  ct al,, 1993, ]iolncro  ct ;L1,,

1993),  The c]cmonstrtLtioll  that  t]lcsc cxpcrimcnts  (]21iB, A~lUM I zLnd 11, SOVA1 ZLlld

SOVA2) showed the large  excursions clue to passage of bgc sunspots [LCI’OSS the ccntcr

of tllc SUII’S disk convinced the skeptics that the darkening cflccts of sumpots  on the

total irracliancc  had indeed IJCCN dctcctcd,  Furthermore, colnbina.tion  of 12RB, ACRIM

I, and  ACliIM II .givc the solar  cycle aln]~litudc of the imadiaucc  cha.ngc from 1978 to

1993, covering two solar lnaxima  and onc solfLr minimum. The cliffcrcnt  observations of

tOtd  solar irracliancc  arc sunmmrizccl in l’igurc 2 (from Willson,  1993).
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l’ig.  2. Suxnmary  of tllc past a~ld currcllt  irradiaucc  observations is prcsclitcd.  Pori,l)-
coming irradimlcc  observations of NASA alicl ESA arc also iuclicatcd.

lIowevcr,  tllc currmlt absolutc  accuracy of tllc o])erzLtillg active cavity radiOnlc-

tcrs ( -I /-0.2Y0  S1) is still uot  aclcquatc  to proviclc  lollg-term irradiallcc  clatabasc  for

climatic studies, ‘1’llcrcforc, tllc lniLill  goal is to build  lligll-prccisioll  irriLdiallcc  dtLt ELbasc

that covcm  several solar cycles, l“or this ])urposc collt,illuous  obscnmtiolls  of tottLl sc)lzLr

irracli;L]lcc with tllc stLInc. tyl)c Of illstrulncl}t wit]] all Ovcrla])pix~&  stlzLtc&y is l~ccdcd to

])rovidc tile  ]n:Lxillluln l)rccisic)n CIUC to tllc slllallcr  IIUInbCr of l)ossiblc  dcF,rLLclilJg  vari-



[LblCS, ‘J’lliS [Lpp~Oa,Ch Call pllNidC [i ]Ollg-tCHll i~l_di{illCC da,tOb&SC With ])lWCiSiOll bCttC~

than 50 ppIn over clccadcs  tJI:Lt is suflicicnt  to rcwal variation as small as ().fi~O over a

cent ury.

Sillcc  t]lc ovcrh]) rcq~lilclllCllt  cWlllOt always bc ~LchiCvCd (C,~. f&ilUIC Of  SILtCl-

litcs ancl/or lack of’ flight opportunities), cl:Lta sets gzLtllcrccl by clifI’crcnt instruments

should bc Usccl as a backup. For this purpose, cxtcmivc compzLrison  of diflcrcnt  flight

instrulncnts  during the overlapping portion of their lnissions  is rcquirccl.  In the case

O f  thC g:Lp bCtWCCll SMM/AC]~]M I and UAI~S/AC]~IM  II CkLta, thCi~ djUStll”LCllt iS

achicvcd  through their nunlcriczLl illtcrcoll~]j:Lrisolis  with the Nimbus-” //ERB data. Sys-

tClll{LtiC variations arising duc to cliffcrillg  inherent rcspomcs and fIight environments

lnu.st bc removed to ma]cc maximum quality colllparisons.  With these tLdjustmcnts,  the

rc]a.tionship  bctwccn  ACRIM  I iLnd ACRIM  11 should be cstiLblishccl  to better than 50

]qjln (Willson,  1993).

A ucw type of radiometers: the cryogenic rtLcliomctcrs calI ac]licvc a hig]lcr  LLC-

curtLcy t}lan  the opcriLtillg  active czLvity  radiometers (Martin  ZLILd ~oxt l~!ls). ~Ioycvcrj

cryo,gcuic radiomctms  opcr{LtilIg  llcar  tllc  tclilpcrtLturc  of liquid lIc (i 20 1<) can provide

tLll OLdC~ Of llliL~,llitUdC Slll[L]]C~ S] UllCCLhillty  ill thC hklato~y CllVil’O1llll C1lt th:L1l [Llll-

hicllt  tcmpcratiwc dwiccs, Their S1 m]ccrtaillty (prob:Lbly  ]Iot lCSS than -1 /- 200 ppm

S] ill fli~llt CXl)C~i]l”lClltS) iS Still abOVC tllLLt lCqUirCd by t]lC ]Oll~j-tCllll C]illlatC dLlttL baSC.

l’urtllcr,  tllc slnall  apertures rcquilcd,  duc to the need for power by the Stirlil~g c.yclc

IIc coolers, mELkcs thcln lnuc]) lI”Lc)rc VUhlCL’tLb]C to coIltalninLLtion  thzLll larger alnbicnt

tCNlpCNLtUIT radiometers. ‘1’hcy nmy ]lot  provide t}lc ccnlsistcllt ]l]c:Lsurcmcnt zLbility of

iilllbicllt tclllpcrzLturc illstrLl]]lcl~t;Ltio)] that ftLcilitatcs tlIc l)rccisic))l  ovcrliL]) ciLl)zLbility.

1.30 Overview of tllc available surro$,atcs for irlzLdiancc ll-lOClClS:  O.lt, Whi te ,

11A()

CJ’llc  detection of total irradiallcc  viLriatiolls  by stLtcHitc-b:Lsccl  cxl~crimcllts duri]lg

tllc last 1 b years stilnulzLtcd Inodclilig cflorts  to IIcIJ) idclltify tllcir czLuscs and to pro-

vide CStilll[LtCS  of irradiancc  dattL for ti]llc i]lt,crvals WIJCII 110 stLtcllitc obscrvtLtio]ls exist.

Since tllcrc  is 110 adequate quantittLtivc ]Jllysical model for

irr:Ldial~cc,  Ollc has to rely 011 clil~)ilical  irradizL1lcc  IJIodcls

of solar activity,

the variatio]ls in total solar

b:Lscd on ‘proxy’ illclic:Ltors

‘1’lIcrc :Lrc two basic sources of our Incasurcs of sol:Lr zLctivity as far as solar

ill’~ldifillCC iS COllCCHICd: (1) ]“U1l diSk lllCWU~ClllC1ltS Of SOl[L~ OUtl)Ut, i, C., tllC SU1l ZM [L

stiLr (direct irr:Lcliallcc lnciLsurclncnts),  allcl (2) ]llliL&CS of tllc Sun  sho\vilLg tllc ])rcscncc

of dark sunspots, brig]lt fLICUl:LC, aIId brig]lt ]Ictwork.  ]]istorically, ilnagcs  IVCIC used iIl
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Wolf’s and Schwabc)s  work first to clcfinc  the solar  cycle on the basis of sunspot counts.

With the discovery of so]ar radio  emission and  dcvclopnlcut  of methods for accur~tcly

lncasuring  radiative cucrgy  from tllc Sun at radio wavclcllgths,  wc scc ~ovillgtoll’s  usc

of the 10.7 cln radio flux in 1947 as tL Incasulc  of activity 011 tllc Sun  m a stzLr. With

thC dCVC]O])lllCllt  Of ]>~CCiSiCHl  S~)CCtlal  ~)hC)tOll”iCtClli  iLlld  SOhlr lllZLfJICtO1llCtCrS,  SCVCI’ZL1

lollg-term cxpcrimcnts  began ill about 1975 to measure solar  magnetic ficlcls in the

photospllcrc  and  cllrmnosphcric  ac t iv i ty  as SIIOWII by IIcI, MgII,  and CaII lines, T]lc

four principal full-clisk raclicmctric  incliccs arc:

T y p e TilJIc
cst, precision Wavclcn~tll/lil]c l’cried Mcasurcmcnt. .. _.. _ . . .—.. ———_ .._ _____ . . . . _ .) _

lbdio flux 10.7 cm 1 (i4 7:1993--–--’”-–--’-  ‘----absolut;flux  1 0/0
Spectral line CtLII K 1974-1!393 dat ive  flux 1 Yo
Spectral line lICI 10830 197s-1993 relative flux 2Yo(?)
Spcctr:d  line Mgll  h&k 1978-1993 relative flux 2Yo(?)-.—— .. —— .-. ._ —...__._ ___ . .. ____ .. ——. —...... —.. . . . . _____——_

1 stress tha~ the line illdiccs arc C11OSCU bccLLusc these emissions show the briglit

Stl’uctulcs :LssocitLtc!d  Wit]l sullsllots  on tllc solar  disk Wit]l Inucll  ]li~llcr Contrast tll:L1l ill

the pllotospl]cric  spcctruln. “1’llis is ljrcciscly  wily they

zLctivity.

‘1’hc principal illcliccs derived frcnn solar  ilnagcs

:LrC ChOSCll  [1S ill C]i C: LtOI%’ Of SOltLr

arc tllc  YJuricll su]lspot  nmnbcr,

])hluc i])dcx,  llltl~]lCtiC fiCld illCICX, ZL1lC1  thC ])hOtO]llCtliC SUllSpOt illCICX (l)s~), ]’;ZLCh  il-ldCX

has its own virtue of lcngtli  of lncasuIcIucIlt,  ccm])lctcncss,  m prccisiou.  ‘1’hc ]nap,]lctic

alId photometric sunspot  illdiccx aIc tllc c)IIly OIACS basccl on qualltitativc  lIlciLsLllc]llcllts

of tllc solar lnaglletic ficlcl or sunspot size W)CI bri.glltl~css. ‘1’hc tilnc series arc summ&-

rizccl as follows:

‘1 ‘ypc
est. ])rccisioll lJTILvclcl]~,tl] /li]lc. .—
Sumq)ot- no, wllitc li.gll(-
plagc inclcx GLI1 1<
lnn~,nctism lrcl lil~cs

1’s1 wllitc lit;ht—. —-.. .— —-. . . .

‘J’imc
Pcriocl Mcasurcmcllt

iGlo:1993 Silnsj)ot-counts  ? ‘ - - ”

1958-1987 area, iutcnsity  ?
1975-1993 Zcclnaxl Cfrcct  15%
1980-1993 Sunspot arc;L, Contrast ?_—— ——. . . ..-—. .—

With tllc [LdVCllt of lligl) qutLlity  clcctrcmic  C:llIIC~W, ZL IICW’ ~CllCl:lti OIl Of SOIELr

ill~~l~,ill~, CXpC~ill”lClltS ])lOdUCC llCW illdi  CCS for thC f:LCUllLr CXCCSS - thC bli~ht fCUtLHl!S

-  EL1lC1 t]lc  sullsl)ot  clcflcit - tllc (lark fcatLlrcs - 011 tllc  sol:Lr clisk. “J’hcsc  InctLsuIcs tire
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photometric quantities usable clilcctly ilk analysis of tllc sources of vtLriability  ill to-

tal irracliancc  nlcasurcmcnts,  but they clo not cxlJicitly clistinguish  between  ill(iiviclual

sunspots ancl plagcs  on the visible solar clisk. ‘l’hc analysis is statistical ancl rcc~uires

very stable image  recording througli the full optical train,

‘1’he SOUrCC Of thCSC llCW ty])CS Of lllCtlSUrCS iS ZLS fO]]OWS:

MTavclcngtll/line observer
Obscrwl.tc)ry pcriocl time-....—. — ——. .—_—— ______ . ____ .._. —____ _ ___... _

S a n  Fcrnanclo CaII K & 6Z23A eii~lIi-i930:13”33--- ‘---–
Nso (U. S.) caII K lhuvcy 1992-1993

NAO(iTapan) 5450,77i’OA Nishikawa  1988-1989, 1992—. . . . ______________ ._ ._. _ . _____ . . _. . __ ___ ____ ._ .Z

The tinlc base is stiH quite short because the technique is new, but these cx-

pcrimcllts zLrc the basis for dcvcloplncllt of precision photometric tclcscopcs  in the U.S.

Sullltise  progranl. ChiipIIlan (1993)  snows that relative variations in the total irracli-

ancc call be rccovcrccl  WC1l for lart,e sunspots that arc easily iclcntificcl. Early ,Llsc of

t]lc statistical illlagc analysis tcc)llliquc by both clIalj]niL]l  (] figs) ZUAC{ Nis]likzLwzL (lggs)

~lk$o ~;ivCS lc~lso]lLLhlC CStilll[LtCS Of t]l C rCl~Lti VC VLLI’i[lti Oll Of tllC  tC)ttLl  ilTdi:LllCC.

111 a(lclitiol]  to COlltCllll)O1’[Lry lL~c:lsLLlclllc~lts, wc ]l:LVC )~istorical  sets of SOIW s]jcc-

trollcliogralns froln Mt. l~~ilscnl ObscrviLtc~ry, Mcuclon observatory)  and l{ocliakanal

obscrviLtory  cxtcndilip; back to about 1 !)1 O, Ilotll tllc  Mt. ll~ilsoll  aIlcl Mcuclou  ilna~cs

wc L)cillg Cligitizccl  a]lcl will be allalyy,ccl to t,ivc llCW sets of Call K ]illc clata &fhlillg

variability of plagcs  over !Jlc last SO years, ‘~hc Mcudou  l~IO~rtLII’I  iS of ]~:L~tiCL&L~ ill-

tcrcst since tl)rcc  wavclcllgtlls  s:L1nl)lillg three levels fronl  the photospl~crc  to the upper

Clnxnnosphcrc,  i.e. , COI’C iLllCi wing of tllc CZLII 1{ lillc and tllc core of the H] ZLl@a lillc.

1 clil])llasizc that [Ll~ of these groullcl-based lIICtlSUrClllClltS ZlrC narrcnv bal](l 01’

‘pc>int) Illcasurclncllts  ill tl]c sc)la] s]~cctrulll  from wllic]l  wc iLrc tryilig to i]lfcr tllc area

Ulidcr tllc solar  cllcrgy clistributioll  curve a5 well as its sllapc. Ful’tllcrlnorc,  lnost  of our

tLVtLi]iLblC  ‘points) in tl~c spcctruln  aye sl)cctd lil}cs  (CZLI1 ]<, MgII  k, IIcl  108,3) or radio

clnission (10,7 cln) ]norc scusitivc  to solar  activity than tllc 10WC]S  lCVCIS where tllc total

sol;Lr irracliallce  origin  ELtcs.

‘1’hc accuriLcy of our cstilnatcs  of total solar irraclial]cc  is lin-litccl by the inaccuracy

of tllc  ‘Ina])pilig spectral i~~lLditLIICCS  from these wavclcllgtlls to the total  irrtLcliallcc,

1,4. SUlllllltLly Of CUrICHt irraclialicc  IIIOCICIS: J.M,  I’ap, JP1,

Chsiclcrahlc effort has bcc]l  Ina(]c  to colllbilic tllc  1 &ycar rccorcl of total soltLr



irracliancc  from space with a variety  of solar  mcasumncnts  more scllsitivc  to solar

activi~y  ill an effort to extend the abolutc  output rccorcl backward ill time as far [LS is

possible, lIowcvcr,  the fundall]cut:d  question is:

Whether the empirical models of total  solar  irradiallcc lmc(l on the clcscribccl surrogates

can reasonably prcclict solar  irracliancc  changes with the long-term precision required

by climatic stuclics?

O n  the onc hand,  t,hc current  mnpirical  xnoclcls  of total  irradiancc,  clcvclopcd

frcnn various solar  activity il~diccs,  SUCIL as tllc IIc-line ccluivalcnt width (1’oukal  mcl

l,can,  1.988), several lprit~lll}lofcr-lillcs (I,ivillgstoll  ct [L1., 1988), the 10.7 cln radio flux

(13ranclt ct al,, It393; Frohlich,  1993), and the MgII  h & k core-to-wing ratio (Pap ct al,,

1993),  disagree significantly wit]] the hTiLdiiHICC observations zLt the maximum of solar

cycles 21 and 22 (Figure 3), Results of multivariatc  cross-spectral allzdysis  show that

collsiclcrablc  variation rcmaim ullcxplaillccl in tot:Ll  irracliallcc tLftcr removing the effect

of sunspots and  bright maguctic  clcmcllts,  allcl the rcsiduzLl  variability changes with the

]hasc of solar  cycle (Pap and Frohlicll,  1992; Figure 4).

‘~hC laCk of [l~,rCClllCllt bCtWCCll thC I1lC:lSUICCI tOtiLl irrZLdi:LllCC allC] itS lllOCICl

cstiulatcs fuoln otllcr fu l l -d i sk  solar illcliccs is iL currcllt  OUtSttL1ldillg  ]Irc)blcnl in tllc

study of sO]:Lr-CyCIC-rCl;LtCd  irradiallcc vtLriiLbility. OIIC of tllc  l;Lrgcst Ullccrtaintics  ill the

iuacliatlcc  n~c)clcls co]ncs fro]]l tl~c lack of kl~owlcdgc  of the cflcct  of fi~culac, ~jrillcil)ally

bCCa~lSC of thC kLCk of aCCUratC  kHl~-tCl’111  SyllO])tiC  CILLt[l. TILc full clisk observations of

fiLculac stiLrtccl only  ill lfl~~ by Nisliikawa  ZLIICI rcccllt]y by Cllal)InaIi  ill 1990;  h o w e v e r ,

tllcsc results :LYC not yet illcoqJortLtccl into  the irraclitLncc  moclcls. 011 tllc other llancl,

lnwvious stuclics lIzLvc sllow]l  that bcsiclcs tllc  f:Lculac, tllc lnagnctic network contributes

to tllc  challgcs in total  irradizLllcc , especially on lol]g tilnc  scales (lJoL1lGL1 iLIICl l~call,

1 ~~~; wi]kn~ wld lluclson,  1988). lt SILOUICI  bc lllclltiollcd,  howcvm,  thtLt t h e s e  ncw

ldlotc)]l]ctric  obscrviLtions  do  not illcludc  tllc Imigllt lnagnctic  uctwork bccausc  of tllc

difficulty of the ~)rccisc lncasurcliicllt  of its a].ca.

‘1’llcrcforc, nlost of tl)c irradialicc variat,iolls Iclatcd to tllc brig]lt magllct,ic  fczL-

turcs (f2LculiLc a]lc] tllc  Illagllctic llctwork) arc ]noclclccl by c]lrolllos]jllcric  surrogates SUC1l

as tllc ~a]] I< illclcx,  tllc fu]] disk WIUi VtL]Cllt  width  of tllc  ]]c-line at 1083 ]Lln, Mgl I 11

& k core- to-wing ratio,  alicl tllc  10,’( c]n raclio flux, although Inc)rc than 90% of tllc

tottL] radiative flux of tllc  SUX1 is clnittcd fxoll~ t]~c ~)l]otos])llcrc.  lIowcvcr, tllc conversion

fiLctor bctwccll  tllc  arCZL :LIIC1 intalsity of ~Jllotosljllcric ahcl cllromosphcric I~lagcs is not

ILllowll, tllc cclltcr-to-lilllb bcll:Lvior of tllc  contrast  of wllitc light fLLCUILLc  and tllzLt  of tllc

~iL ]{ p]a~cx  is quite dif~crcllt (~llaplllall ct a]., l~g~; Sc]lLLttcli tLILd Mayr, ] g~~).  ‘~~]~c
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WCI1 as the SMM/ACIUM  I and UAIKS/A~lUM  II (b) total solal- ix-raclimcc  corrcctcd for
sunspot clarkcniug. The solid lillcs rcprcscxit  the 81-dtLy runniug H~cam of tllc c~npiricid
lnoclcl of total solar irradiancc corl-cctccI for sunspot clarkcl~illg.

curl’cllt s}jatial]y resolved ]jlzlgc  data set is combillcd  froln tllrcc  cli{fcrcl~t and  incohcrcnit

da~a sets (obtailicd  at tllc Mch4atl~  Obscrvatory froln l)ccc~libcr 1970 mltil  Scl~tcmhcr,
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aware of this fact,
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observatory from October 1979 to August 1982, Mid Big Bear  Solar

SC!ptcmbcr 1982 to A?ovcIllbcl’  1987); howcvcl$,  most moclclcrs Urc Ilot

Sillcc  the Dig l~car data reduction ended in November of 1987 bccausc

of budget cuts, no intensity and area data of ~aII K plagcs  arc measured zuld published

on (L routine basis (M:Lrqucttc,  19~~). ]’hrthcrmorc , it should also bc mcl~tioncd that

tllcsc plagc  data exclude tllc rcmnauts  of ]Jlagcs, whic)l still cause a significant variation

ill both total iLnd UV irradiallccs (Pap ct al., 1991).

I--5 ._-l... .1. -.. J -–-.1. —J .- .-I-.1-—J

Fig. 4, Tl]c upper lEL]ICIS show the power spectra of the SMM/ACRIM  I total solar
irrachncc for tllc tinlc intervals of 1984-86 <ulcl l!387-8!l, rcspcctivciy. l’hc sl~aclccl arc.as
give the portion of the ACltIM variallcc cxpla.inccl  by the PSI WICI the IIc-lillc  ccluiwLlcnt
width at 1083 nnl, lcs~)cctivcly.  “1’lIc  lower lmIIcls  show tllc total  al~d ~>artial  cohcrcnccs
SCIUfL~C&
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-1

-) fP’”1
[

“ M[JL,
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Variability of tllc lIcl cquiwdcllt  width index and tllc 10,7 cln radio flux is lathCr
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co]n~)]cx: variation of both illcliccs has a corcnlal contribution that is Ilot present in the

lower so]ar  titmosphcrc  where the totiLl irradiancc  ori,giuatcs (l Ia.rvcy,  1 ~8~; ~:Lpping,

] ~8~). Whi]C lllOSt  Of the VtLriatiC)ll ill thC I]C] liIIC CqUivalC!llt  width is rCktCd to ])hl~Cs,

about 150/0  of its variability is related to dark fllamcnts  tJi:Lt  do not effect total irracliancc

(Ilarvcy and Liviugstou, 1993). This cflcct of filaments is also prcscut  in the incliccs

dcrivccl from optically thick  lines SUC1l  ZLS GI1 1{ , Mgl I k, and 11-alpha. Furthermore, it

is not char whether the irraditLncc  cflect of tllc cluict chromosphcric  network coutributcs

the szunc iLS the plagc-rclatecl  vtLriation  of the Hc] line (lItLrvcy and  Livingston, 1993),

‘1’hc 10.’7 cm radio flux has contributions from both free-free (1-memsstrahlullg) emissions

(rclatccl to the weaker fields of plagcs  and the network) and gyro resonance emission

(rclatccl to the strong magnetic ficlcls of sumpots),  A more rcccnt  analysis suggests that

the free-free contribution from the low chromoslherc  dominzLtcs  its variability, cxccpt  at

the time  of very high so]tLr tLctivity  (rJ’a]Jpillg,  1993),  It S11OU1CI also bc mentioned th:Lt

t)lc lack of goocl synoptic dtLta  sets for sunspots, especially during  the last 15 years wllcn

]ligh precision irradiallc.c observations exist, illtroclucc ac]ditional  unccrt[Lilltics  into  the

irradia]lcc  models. The pul)licatioll  of hig]l  precision arctL and position of sunspots in tllc

Grccllwicll Cataloguc  cnclcd ill 19’iG, Sillcc tllcll  the sunspot obsmwations  arc reported

ill thC NOAA wO1’lCl  I]at{l ~ClltC~  %h ~COphySiCd ]] ZLtZL  C?LtdO&lC With lIIUCh kSS

~Jrccisioll. ‘~hC CUY1’Cllt ]WCiSiC)ll  Of t]lC SUllS]lOt tLICiL lllCZISUrC1llC1ltS iS 20-25% fOr hL1’~,C

spots, but it, C:Lll Lc as lli~,ll ;1s @YO for S111:1]1 spots (Sofia Ct LL1., 1982). llohlic.11 Ct al.

(1 ~~~) liavc rccclltly clelllollstratccl  tll~Lt tllc irregularities ill tllc sunspot  arc;L cause tllc

hl~gCSt  UllCC~bkltY  ill thC 1’S1,  ‘J’hC ~CSUlk Of SUllSpCIt ])hOtOlllCtry ShOW thELt tllC COl”ltLYLSt

of smlspots clcpcnds  oli tllc tLrca of sunspots (Stci]~cggcr  ct al., 1990; ChapmiLn  ct d,,

1992) ancl tllc currcllt  1-’S1 l]loclcl  ovcrcstillltLtcs the sunspot, cfI’cct 011 total irracli:Lncc

With LLbOUt 40V0 (l]rLLllClt Ct tL], ) lg~()). Moreover, tllC cILall~C Of thC COlltl’tLSt Of SUl”LS]~Oti

over the solar cycle (h~iLltby ct al., 1086) is Ilot tzLkcll into account  ill the irraclitLncc

lnc)dds.

It h;Ls bccxl SILOWII that tl~c cvolutioli of a.ctivc rcgicnls pl;Lys WI iIn])ortzLnt  ro le

in tllc cl IiLl~gcs of total  irradiallcc (Will sc)z], 1982; l’ap,  1985;  Froldicll  aIIcl l’ap,  1989).

llmvcvcr, Ilcitllcr tl]c evolution of sunspots  or l~lagcs is takcll  into  accc)ulit ill tllc current

irrzLdiancc liloclcls; only ]nc;LII vtLlucs  of COlltraSt  for tllcsc structures 80 iuto  the regression

ctdcul:Ltions.  NO brozLd sttLtisticiLl  study of tllc clI:LIl~c  of radiation from t]lc suxlspots

and ])ltLgcs duc to tllcir  cvolutioll  has bccll clone to ,givc us the Ilccclccl clatzL to improve

tllc clnpiriciLl  trZLllSfOrlll  ZLti 011 S. Full disk lLIC:lSUICS  of SO]~Lr activity, Suc]l tLS the llc-

linc cquivalellt  wicltll, IL4g cc)rc- to-wi]]g rzLtio , zLlld the 10.7 cm raclio flux ccmtain the

cvolutiol~zLry  cl]ingcxi but ill all ~lll~li{~clclltit~tc(l  forln wlimc Sullsl)ot)  ~)la~c, {LIld ]lctwork

contributions camot be sc])aratcd.
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As htLs been clcscribccl above, the ]Jrincipal sourccx of the total solar irradiance

viLriability  arc kllowll  to I.JC sunspots aILd bright facu]ac  zuJd ])lagc rcgiolls.  I]owcvcr,  wc

sti]l llCCd to sCJlara.tC a CluiCt-SUll COIIl])OllCllt flOlll a ChrOlllOSl)hCriC llCtWOrk COIIlpOllCllt

tO ZLCCOUIJt  fOr thC tOt:d Wl”JOUlliJ  Of radiation frOlll  hlyCrS  LLbOVC the phOtC)S]dJCrC. ‘yhus,

tlJcrc is the possibility of slow secular cllangcs both ill the llctwork  md globLLlly  in the

Sun that remain unmeasured at this  time. In addition to the untncasurccl  lol~g-term

Cllallgcs,  wc also scc the unclcrcstimatc  of total irraclimcc by surrogates of cllromospllcric

cmigill  at the times of solar maximum ill tllc last two solar  cycles.

Wc cannot  assmnc  that  tllc clifIlculty  lies in au illstrunlcntal  problcnn: wc must

also comidcr that the empirical mc)dcls fail at solar  maximum bccausc of a, c] Jangc in how

tlJc sohLr zLtmosphcrc responds to tlJc prcscncc  of stIoIIg magnetic f’Iclcls sustained over

tllc  2-3 years of sc)lar maxilnuln. TIJc cxnpirical rcgrcssioh  moclcls  clcrivcd  frolil the full

disk surrogates arc controlled by the ascending and dcsccncling plmscs  of the solar cycle

and not  by the mutual behavior of the various nlcasurcnlclkts  cluring solar  maxilnuln.

‘J’llus, it IIJLLY bc tlKd wc simply do not have the SWI]C empirical trzLxlsforl~lzLtiolls  bctwccn

total irracliancc  ancl surrogates such as CM] K, 10.’/ cIn, Hc1 1083, ancl M.gII h & k at

SOILL~ lJ”J2Lxill”JUlll [LS CIUI’ill~ t])C ]) C~iOC]S W1lCIL t]lC Cll”LC~gillF, l112i&IACti C flux iS both ]o\v and

challgil~g  stmclily  at t,hc bc!gillnillg  alJd CIIC1 of a SOlal’  c.yclc.

Since tllc physics of the forulatioll  of tllc total irraclimlcc  iLXJCl our common  solar

activity illcliccs is uot iclcntic.alt  our empirical moclcls give only cstilnatcs  with [L prccisicm

of a fcw l~erccnt  for tllc vtLliability  of tllc tottil solar  irraclizLllcc  clue to both sunspots

tLll d fLICU]:LC  (ld:L[;cs) , ‘J’llis ili]lcrcllt lilnitatioll  of tllc currcllt simple clnpirical  moclcls  of

total  irradiwlcc lnust  be taken into  ac,cou]lt  whcm ilradialicc  moclc]s iLrc USCC1 in clilnzLtic

s t u d i e s .  ~ollsiclcrillg tllc sigllificzLllcc  of irra.clial~cc  valizLtions  zLs iL ljotclltizLl  Ilatural

Solll’cc  of climatic CIJtLIJ~CS , continuous obscrvaticms  of total irradi ancc from space arc

rcquilcd  to lllaintaill  a lc)llg-tcrill,  lli~,ll ])rccisioll  irraclizLIJcc clatvbasc  for clilnzLtic studicso

111 ])tLrallcl with tllc clircct i,rtLcliancc obscrvtLtiolJs,  advtLIlcccl tllcorctical al~cl statistical

St Udi(X ~l~C IICCCSSWy tO UlldCJ3t Olld Why, l)OW :Uld 011 W]lZLiJ till)C SC2L]C thC tOt;Ll ~lLdi ZLti VC

output of the SuIi changes iLIJCi  thus, to rccmstruct ELIICI predict the so]tir i]lcluccd  Climatic

CIJ:Lll&CS.

1.6. IIiscussions  lCC1 by J.h4, l’ap

Schlcsin~cr:  This is all very clcl)rcssing, 1)0 WC Ically  lla.vc t o  w a i t  50 yC:LrS

for tllc dtLta to acculllulatc  before wc c,aII zLnswcr this (~UCStiOll of SOILLY infiuclJcc? Arc

tl]crc ally siInplifyill&  il~siglJts or ])ivot;Ll cxJ)crilJlcllts tll:Lt CaII bc used to speed up our

UIJdCIStiLlldiIl~ Of SCd:U’ Ch:Lll&C iLl”Jd itS CffCCt ilJ tllC atllJOS@l  C~C?
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l’ai’lm-: Givm the complexity of both the solar  atmosphere and tllc Earth’s

climat,c systcm,  it will probzLbly take 50 years to really unclcrstancl now al~d why they

vary as they do,

Schlcsingcr:  Caunot wc clarify the cxistcncc  of long-tmm  irradiancc  c}lwl,gcs  from

obscrvatioms ~Jrior to tile sl~acc obscrvutiolis?

l’ap: l’hc cumcnt  absc)lutc accuracy of racliomctcrs  is low ( +/- 0,2$%), tllcrcforc

il]dividud  lllCaSLirClllClltS  frC)lll thC grOull[],  h:L110011S,  airCraft,  rOCkCtS, ZL1lC~  frOlll thC SP[LCC

shutt]c cwmot  rcvcml  the small amplitude changes in total  irracliallcc.  in case of the

Illcasurcmcnt,s  frol”il thi: groulld~  balloons, and iLircraft, the atmospheric cf~ccts cannot

bc ncglcctccl,  the accux+Lcy  of these mcasurcmcnts  is not  better thzm 170. Tlicrcforc,

lollg-term, high precision irracliancc  obcrvatioms  from space with  ovcrlappin.g  stmtcgy

arc nccclccl  to reveal the climatically signific[Llit irradiancc  changes.

l.can:  lt is not yet Clctcrlniliccl whether the discrepancy hctwccn  irradiancc  ob

SCrVtLti  011 S and lnoclcls  is solar,  ratllc~ tl]au  il]strumcntd,  cflcct, cspccidly  in tl]c l a t e

scvclltics  al~d i]~ 19S0 ccmsidcriqj  tllc clcgraclation  of tllc il]strumcllts.  Pap: ‘i’llc  clc/;riL-

datioll of tllc SMM/AC1tl M 1 instrument was 600 ppm over its !3.5 years of opcrdiond

interval. ‘J’llc  CIC~,~ZLd  ZLtiO1l of the radiolnctcm  arc caused by tllc high energy sol:Lr  fluxes,

SUC1l as the UV al]d ])artic.lc fluxes. l]cctLusc of this,  tile A~lUhfl ilistmmcllts  contzLin

till’cc raclimnctcrs:  Ollc of tllclll  lllCiLSL1l’CS  tllc solar Cllcrgy flux continuously, tllc Sccolld

ollc OIICC  a month,  and the third mc is cxposccl  to solar radiatiou  ou]y ill every sccollcl or

third Inolltll. Wit]] this opcratiolla]  lnoclc,  tllc cl]allgc  of total  irrlLdiallcc  clue to tllc in-

Strulncnt  dcgi’adiLtion  was Cori’cctcd to a 50 ppln  lCVC1, The clifrcrcllcc Lctwccn  ACIUM

1 tot:Ll irracliancc  al~d  its model cstiliiatx  ill 19S0 was 300 ]jpm and it is well above

t]lc dcgradatiml  level, lrurthcrmorc)  tllc Nill)bus-7/l~ltl~  i]lstrumcllt which started to

opcuatc  ill ltLtc NovcIilber  of 1978 showcxl tllc same trend as the ACRIM  I illstrumcllt

ill 1980.

lloldicl~:  l’urthcrlnc)rc,  tllc clcgraclatio]] of the SOVA illstrurnalt  on 15 UlU’~CA

clurillg the first mOlltll Of its operation WM the SZLIIIC ZLS ~h;Lt  of the AcIiIM I.

Hoyt: Tllcxc is a d iscrepancy  bctwccll  tllc solar irracliancc  lnoclcls  and the

Nilllbus-7  nlcasurclncl]ts  f o r  lg’/Yl~8O and l$MT-1!N8. ‘.’llc mcasurccl irradizulcc  is

hig]lcr  thiul the model WLIUCS and ]noclclcrs often ask what is wrong with the mcasurc-

IIlcllts. in order to force tl]c  mctisurclncilts  to li~:Ltcll tl~c model, tl~c al~,oritllm  to rcducc

tllc counts to irradianccs  could be cllangcd, CllaIlgcs in tlic poillting,  tc~l]pcratuxc  sen-

sitivity,  clcc.  trollic  ,g,iLiIl, or colltzLlllillatioll  could L)c lniLclc,  but tllcrc  is 110 cx])crilncntal

CVidCll CC tO lll[LkC  tllC LilgO~itllll”l ClliUlgCS. ]hCll  if t]lC ChLll~CS COUld SC) I11C]1OW bC! lllZLdC,
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fJhC ~Csdk [LftCL’  1 ~80 \~C)u]d ]}rC)btLbly bC dtCrCd  SUCh ~hd % IICW lllOdC1/lllCZIS LIKClllCllt

disagrccmcmt  would occur. For 1987 and  later, the Nimbus-7 radiometer was operating

under incrca.singly favorable conclitiqlls as other platform instmmcuts  were twnccl ofl,

Any clifi’crcnccs thcll  arc cvm l~ardcr to cxl)laill  by mca.surcmcnts  problcll~s,

Pap: It  should  bc acldccl  that the UAltS/ACRIM  11 total  solar  irrticliaucc  is

also well above the irradiancc  cstilnatcs  computed from our standard surIogatcs  at the

lnaximuln  of solar cycle 22, This diflcrcncc  strongly suggests that irraclimcc  WLIUCS

cannot bc cstimat,cd  zLccuratcly  cluring sol:Lr maximum, Research at the U .S, National

Solar  Ohscrvatory  WLC1 [Lt the J ct ]’ro]}u]sion  ~,aboratory  will dctclmiuc  if the magnetic

ac~ivity  during the m[Lxima of both cycles 21 and 22 proviclcs a mechanism to cxplaixl  the

cliflcrcllcc. Wc should keep in lrlind thzLt our commou  surrogates arc radiations formccl in

tLtmosphcric layers  higher tlluu  the })llotosphcrc where more than 90C% of total irracliancc

is clnittcd.  ‘1’hcrcfmc, these illciiccs rcprcsmt cliffcrcnt physical conciitions than in tile

pl)otos]~llerc.  llcciLusc of tllc l[LCIC  of a ]Jllysica] tllcory  to describe tllc radiation cmittccl

by  Clif~CrCllt SOkLr StI’UCtUl’CS, wc arc LUILLblC  to map r:Ldiativc  10SSCS from liig]lcr l:~yCrs to

those lower clowu accur~t,cly  aucl,  thus, explain tllc clifIcrcncc  bctwccn  obscrvzLtioll  zLncl

our current clnl~irical  ]11oc1cIs.

],ivingstoll:  ‘J’]ic observations :Lt the ]Ic I line tLt 1083 llln were csscntizd]y pcl’-

formcd  to study COrOlltLl  l~c)lcs, It ]las bccll a surl)risc  that tllc correlation Lctwccn  tllc

variations ill tllc llc-lillc  cquivalcvlt  wicltll iLIld total  as wcl] as UV imadianccs  is so gc)ocl.

Wllitc: “1’0 ilnprovc  tl]c smmt;atcs  USCCI in the inacliallcc  models, digitization

c)f dif~crcxlt  fwturcs  (su]]spotsj faculae, network) is ncdccl  fro]n a ncw set of CiLIl  1<

images and llliigllcto:,lzlll  ls, As a furtllcr step, colnput:Ltiou of the solar spectral cllcr~.y

distribution is ncccssary,  tLLkil)~, into  accomlt  tllc ucw photometric results from Cha])lllau

zLllcl IIarvcy  using  image :Lllalysis.

11. S&r Output ill ‘1’hc MauIldcr  Miliilnum: 0.IL Wllitc, lIAO

a. IIow WC1l C1O wc kuow the SUIL)S output ill the Maunder Minimum?

Wc llavc tllrcc  mctllocls fc)r cstiln;Lting  the Sul~’s total irracliancc  in the Maunclm

Mini lnum:  ]) c\ccrcasc  in so]ar  cl]cr~y required for the ;Lmount coo]illg  ill the tcrrcstri;Ll

:Ltlllos]~]]crc  ill t}lc 17t]I cclltury,  2) cxtra])o]aticnl of cmpirica]  Inodcls back in time, allcl

3) estimates from st:Lrs ill a ‘Mau]lclcr  Minilnulll’ st~Ltc. ‘1’hc cstixl~atc  of the dccrczLsc  of

iI’raCliZLllCC frOlll  COlltClll]JC)lZLYy  val UCS lallgCS flOlll  ().20/0 tC) (), ”(% With a CollsCDsus  va}uc

at :LbOUt ~.8~0  .

Discussicm lcd by 0.1{. Wliitc



Sclllcsillgcr:  What is tl]c raugc of variation ill the solar input  do wc have to

collsidcr realistically?

Whiic:  Zero to 1 pcrccnt  ill the radiative out])ut. This cstilnatc  allows for factor

of 2X on both the low and ]ligh side of current cstinlatcs from extrapolation of the

regression formula back 300 years, ‘1’hc statistical realities in this extrapolation arc

llorriblc  bccausc  wc go well outsiclc  the fitted range. I also included the low values

obtainccl from the analysis of solar-type stars (Ilaliulms,  ct al,, 1993) in this guess as

wc]l as the bias to the high side from llalnoll’s  early clilnatc  lnoclcl  analysis (Jirikowic

and  Damon,  1993). Other SOUYCCS for cstilna.tcs  of the solar output in the Maunder

Minimum arc Lean, ct al. (1992), Ncsmc-Ribcs  and Mangancy  (1992), Ncsmc-Itihcs,  CL

a}, (1’393), allcl lIoyt and Schattcn  (1993).

Conccrlling  the plasma output, wc have information cm the variability of the

plasma output of the Sun; but have little notion  of how it may couple to the lower

atmos]~hcrc zulcl cause scnsib]c changes, C;comagnctic  activity shows a stcacly ilicrcasc

over tllc last fifty years, and this reflects both the lCVC1 of activity ill the solar  wind

:LUC1  variability of Earth)s lnagllctosphcrc. ILadionuclcidc  clata clearly show variation

ill cosmic ray flux caused by cllangcs il] tllc outl)ut of solar ~)lasma over the last seven

t]lOLISalld  yCal’S. T1lCSC  data S11OW characteristic ]jcriodicitics  of 208, 88, al~d  11 ycam,

~cmvcrsioll  of tllcsc raclioisoto])c variahiliiics  to sourc.cs and properties of tl~c solar  wind

a]ld transient plasma cjcctiolls  has not been dollc;  tl~crcforc,  the detailed collllcctioll to

activity as lncasurcd  by sul]sl)ot occurrcllcc  rwnaills  ill a qualitative state at this tilnc,

1~’rolllich:  It SI1OLI1CI  also bc kc])t i~j ]r]illd that tllc correlation bctwccn  total irra-

clialice m]cl its surrogates clcpcllds  on the ])l]asc of tllc solar cycle, hfodcls give clificrcnt

l’CSLlltS for difl’crcnt p]lascs  of solar cyc,lc sil~cc tllc  va]uc of t]lc slope aIIc~ illtcrcc]~t  c:LlcLl-

latcd  from lil~car regression changes with tllc ti]nc during  the solar cycle, even 0:1 yca]ly

tilnc  scale, IIOW do wc know what  is the right value c)f the i~ltcrccpt and slope wllc~l  wc

CXtClld  the 1I1OC1C]S  back to the ] 7th Cclltury?

l,can: Current irradiwlcc models cxtclldccl back to the time c)f the Maunclcr

Mil~ilnuln  usc t}lc a)b lillcar  regression cocff”icicllts  clctcrl]lincd froln  tllc  clccrcasillg phase

of solar  Cyc.lc  21.

Wl~iic:  OI~c basic  lililitatioll  ill tllc cumcl)t  cxtrapolatiolls  is tl~c  l a c k  o f  clata

c.ovcring ]nany  solar cycles: tllc clata usccl ill tllcsc estimates covers only two solar

]]]axi]na  and o]lc solar  Inillimuln,  at Lest. As SUC1l, tllc rcgrcssioll  for:nulac dcsc.ribc  o]lly

tl)c ‘stfrcllgtll’ of two rcccut  solar activity cycles ZUIC1  Ilot ally long- tcnn  variatio)l  in its

zero ]~oint, i,c, , variability of tl~c quiet stellar atlnosl)]lcrc  undisturbed by clrlcrgc]lcc of
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stm]g magnetic fields at the visildc surface.

b, Didtllc Mall~~dcr  hlixlil~lulIl  rcall)’ occur?

‘1’l]is  point is now moot bccausc  of the careful work of Dr.  Ribcs  and hcr col-

]cagucs in the study of the l’aris  Observatory archive for the period from 1640 to 1720.

‘1’his study of the daily obscrvatiom by }’icard, I,a IIirc,  Cassini,  and their successors

cJca.rly  cstab]ishcs  the basic  character of the solar cycle in the period froln  AD I 645

to AI)1715, within which no sunspois were rccordcd  during cxtclldcd  pcxiocls  despite

regular daily observation, Ribcs  and Ncsmc-llipcs  (1 993), llibcs,  ct al. (1987), and

Ncsmc-Ribcs,  ct al. (I 989) give details of this analysis of the Paris Observatory archive.

1]1 particular, bctwccn  AD1690 and AD I 702 only onc spot was observed while an aver-

age of about 15 daily obscrvatiom pcr month were rccordcd.  This work gives the solar

thcc)rist a quantitative description of the rate and location of maguctic  flux cmcrgcncc

aud the cllmgc  in solar  rotation rate during this unique episode of solar  history, Contin-

ued examination of the historical record only strengthens the original arguments made

by l{~dcly  (197G) for the cxistcl)cc and importallcc  of tllc Maunilcr  Minixnum episode, Its

identification in the 10llc and 14c palcoclimatc  rccorcls poi]lts  tcj similar occLm-cIlccs

ill t]]c ]);Lst and suggests its reality as a. naturally occurring irrcgula.yity  ill the cyclic

variation  c)f stars of the same agc zu~d mass as the SLU1,

Iliscussioll;

W]litc: lIoyt’s  current rc-cxamillatioll  of the quality of suns])ot  observations froln

1610 to tllc l)rcscnt  shows that tllc MLLuncicr Millilnuln  ])criod was well covcrccl  by otllcr

observers thrcmghout  wcstcr]l Europe. A lack of solar obscrvtLticnis  did occur ill tllc micl

18th cclltury,  WC1l after tllc rcsulnptioll  of the solar cycle ill AI)171 O (SCC tllc IIoyt and

Schattcn  ])apcr  at this meeting),

c, W]lat iLlc the implicat,iolls for tllc solar  cly]lamo?

~]czLr]y the hLck of suns])ots  for several dccadcs  and t}lcir occurrclicc  in a narrow

latituclc  bal~d ]IciLr the solar equator (a,Lout -1-/-18 dcg ]atitudc)  is an cxtrclnuln  that

l~as to Lc al]owcd by a crcdiblc  dylla~no  Inoclc]. More ilnportallt  lnay  bc the observation

thtLt hctwccn  lGGO and 1710 almost  all of the sulls])ots cmcrgcd  ill the southcm so]ar

llcmisp]lcrc.  11’hc apparent illC~CZLSC  in the dc.grcc  of diflcrcntial  rotation on the SUI1 also

gives anotllcr  obscrvat,ional  constraint  to the theory.

IIiscussicnl:

W]litc  : q’hlougliout  t]lis worksllo]~,  several collc.agues (Ncs~nc-]{ibcs)  ]{ XZLUSC,

Sokoloff, Krclnliovsky)  IIlclltio)lcd  tllc ])otclltiZL] illl]Jortallcc of ‘lnixcd parity’ dyna,]nos
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in undcrsta.nding  the occurrcI1cc of sunspots ill oIdy onc solar  hcmisphcrc.  Scc Sokolofl

and IYcs]nc-ltibcs (1993) and papers givcll  at this worksliop  by these colleagues. l’criocls

of large N-S a.symmetry correspond to ti]ncs of millimum  total magnetic energy procluccd

by the a]pha-omega dynamo dcscribccl by IIranclcnlmrg,  Krause, and Tumnillcn  (1989,

‘hrbulcncc  and Nonlinear Dynamics, (Mcncgumi,  ct al. editors)),

White: WC have to ask whether the toroiclal solar dynamo  opcrzLting  at low

lzLtitudcs actually ccascd generating magllctic  field during this time , or were conditions

in the torus and the convection zone such that flux tubes did not  rise to the visible

Sul’face of the sun?

d. Did the Maunder Minilnum  really contribute to the Little Icc Age?

Since the Mzmldcr  Minimum lasts only about 70 years, the question arises about

its causal influcncc  in the 300 year Little Icc Age, which lasted from AD1 550 to AD1850,

III his discussio]l,  ljradlcy  cautiolm  not to ovcmimplify  the Little Icc Agc as a global

pl]cnomcna  involving  only the mean tcxnpcraturc  or g]acial aclvzulcc,  our view is hiascd

by the picture in Europe where the most complctc  records exist, ‘1’hcsc indicate that this

local cli]natc  was ]nuc]l llarshcr tl)an  today, a collditioll  which did not  ap])ly worldwide,

IIc also points out the IICCCI  to cousidcr  tllc challgc in volcanic activity al)d acmsol

]moclucticm t}lrougllout  this ])criod atld i]lto the 20tll cclltury  as al]otllcl  lnajor fac tor

ill clilnatc  ll-locllll:itic)ll,

IIiscussiml:

ltibcs:  Tllc clcc])cst ~)art c)f tllc MziuI~dcr  Millin~uln  co~rcsl)o:ldcd to pcric]ds  o f

cxtrc]Mc  low tcln])craturc  in Wcstcm Nuro])c.

l’al’kcr: ‘1’llc Mau]]dcr  MiniInuln  was xlot  the ;Jn]y solar cxcursioll  in t,llis ])criod,

]Ioth  tllc l)alton a]lcl  S]jorcr  Millilna  occurrccl ill tl~is tilrlc illtcrval,  i.e., at Al)] 800 and

AII1 500, lmpcctivc]y.

c. What about solar illflucllcc ill the Mcdicva]  WzLrJn ]’~~)och (AI)l 000-A  I)12,50)?

IIiscussioll:

White: Is there any question about the occurrc)lcc  of the Mcdicwd  Warm Epoch?

IIracllcy:  In the rc,port of the worksllo])  devoted to this ])criocl,  IVIZLICOIII1 Ilugllcs

concludes t]lat tllc ~nodcratcd  clilnatc  observed ill western }’lLIro~)c  allc{  castcrll hTorth

America InzLy uot  ]]ZLVC occurred 011 a global scale. Thus, it is not possible to juclgc  that

the  ]ncan global tcm])cra,turc  illCICILSCC]  sigliificmtly.
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White:  in the 14C and 10llc  tilnc  series shown at this ]nccting,  1 ]loticc that

none of thcm yet cxtc]ld  earlier than about ADI 500. 1s there ally doubt about  the

so-called ‘Grand Maximum’) of solar  activity in the ]>criod from  AD I 100 to AD 1300 in

the raclionuclcidc  rccorcl?

Raisbcck:  ‘The earlier data arc availab]c: wc did not show thcln bccausc  the

ZLll:L]ySi S is not comp]ctc.  Yes, the Grand Maxi Inu~n is present in our l]CW time series.

White: ‘l’his period is the example of a ‘positive’ cxtrclnuln  ill solar output as

op])oscd  to the ‘negative’ cxtrcma  shown by Mauudcr  Minima episodes of very low

sol:Lr  activity, Althougli  the Maul]dcr  Minima  episodes appear to bc easier to identify

and, thcrcforc,  study as a isolated phenomenon; the positive cxtrcma  should not bc

igllorcd, The 1013c lCVC1 today is ap~)roachillg the high lCVCIS seen in the 12th century ZLS

poiutcd  out by Jirikowic  and Damon  (1993); thcrcforc,  characteristics of the AD I 100-

AD1300  period may indicate the direction of climate forcing by the sLm when tllc lCVCI

of solar :Lctivity rcmtiins  high for ]nally  clccaclcs, IIowcvcr,  13radlcy’s  caution at this

]nccting  about the I.ittlc Icc Agc also applies here, i,c, ~ wc may ]lot bc dcali]]g with a

globtil  changes dcscribcd  simply by, say, the Incan global tcmpcraturc  or a single forcing

fm~ction  strong cmough  to drive tllc mean climate state above the natural variability o{

tllc l’llrth’s  atlllos])hcrc.
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Figure captions:

l’ig. 1. O~scrvt~tiol~s  oftotal  solar  irr[ldiallccb ytllcNilllbus-7  /I`;IiB, SMLJ/ACltIMl,

UAIW/AGIUM  II, and  EURECA/SOVA 2radiomctcrs  arcplottcd.

F’ig. 2, Summaryof thcpast alldcurrcllt  irradiallcc obscrvatioxls is]>rcscl~tcd.  F o r t h -

coming irmdiancc  observations of NASA and ESA arc also indicatccl.

Fig.  3. ‘llc upper panels show the power spectra of the SMM/ACRIM 1 total solar

irra.diancc  for the time intmrvals  of 1984-86 and 1987-89, rcspcctivcly.  l’hc slladccl  areas

give the portion of the ACRIM  variance explained by the PSI and the IIc-line equivalent

width at 1083 mn, rcspcctivcly.  The lower panels show the total and partial cohcrcnccs

squared,

Fig.  4, The heavy lines show the 81-day running means of the Nimbus-7/ERB (a) ZLS

WC1l as the SMM/ACRIM I and UARS/ACRIM 11 (b) total solar irradiancc  corrcctcd for

sunspot  clarkcuing. The solid lines rcprcscnt the 81-day rulming  means of the empirical

model of total solar irradiancc  corrcctcd  for sm~spot  darkcni~lg,


